Aims: Aggressive and criminal traits have a complex genetic background which interacts with environmental factors. Alcohol intoxication has been related to lower thresholds of aggressive behaviors. In this association study of two independent samples, a number of candidate gene variants (5HT2A T102C, 5-HTTLPR, DRD Ins-141Del, DAT1 VNTR) were related to violent criminal behavior and alcohol-related aggressive traits. Method: Treatment-seeking alcohol-dependent individuals (293 patients and 499 controls from Germany, 180 patients and 402 controls from Poland) underwent a Semi-Structured Assessment for the Genetics of Alcoholism interview which gathered information on alcohol-related violence and criminal behaviors, beside alcohol dependence characteristics. Results: Patients with a history of violent or non-violent crime were more often male, had an earlier onset of alcoholism, more withdrawal seizures and delirium tremens, and were more likely to have a history of suicide attempts. No significant association between candidate gene variants and criminal behavior was detected. 5HTTLPR variant was related to one characteristic of alcohol-related violence. Conclusions: With findings from genome-wide association studies linking aggression-related traits to second messenger systems, further studies are needed to determine the genetic underpinnings of non-alcohol and alcohol-related aggression.
INTRODUCTION
Aggression and related phenotypes like violence and perpetration of violent crimes are common societal problems, considered to be influenced by a complex interplay of genetic vulnerability, sociocultural factors, personality traits and psychiatric history (e.g. Carins, 1996; Laucht et al., 2014) . From results of twin and family studies, aggressiveness has been found to have substantial heritability (44-72%) (Siever et al., 2008) .
In addition, a number of candidate genes, including serotonin or other neuromodulator genes, have been studied in relation to aggressive behaviors. It has been suggested that impulsive aggression is a result of a lower threshold for aggressive responses to external stimuli without regard to harmful consequences (Chung et al., 2010) .
Among all psychoactive substances, alcohol is arguably the most potent agent for eliciting aggression and reducing behavioral control in a subset of individuals (Heinz et al., 2011) , particularly impulsive aggression (Seo et al., 2008) .
Neurobiological theories on the risk for aggression or violence in alcoholism are inconsistent (Loeber and Pardini, 2008) . Several studies hypothesized that a serotonergic and dopaminergic dysfunction may increase the risk for violent and aggressive behaviors in alcoholdependent individuals (Pihl and LeMarquand, 1998; Volavka, 1999; Seo et al., 2008) . Serotonin has been postulated as the major neurotransmitter in the regulation of aggression (Siever, 2008) , but enhancement of central dopaminergic function is also of relevance (Comai et al., 2012 ; for a review of the genetic determinants of aggression, see Pavlov et al., 2012) .
Thus, several variants of candidate genes have been proposed to influence the risk for aggressive and criminal behavior in general and under the influence of alcohol. In the serotonin system, a number of behavioral and/or pharmacological studies with serotonin 2A receptor antagonists and agonists have implicated these receptors in aggressive and impulsive behaviors (Nomura and Nomura, 2006) . The 5-HT2A gene maps to chromosome 13q14-q21 and consists of 3 exons coding 471 amino acids. The receptor mediates its action by association with G proteins that activate a phosphatidylinositol-calcium second messenger system (Barnes and Sharp, 1998) . Antagonism of 5-HTR2A receptor has been shown to reduce dopamine-induced hyperactivity in mice, providing support for the interaction of serotoninergic and dopaminergic systems in mediating hyperactive behavior (O'Neill et al., 1999) . The C/C genotype of rs6313 5-HT2A T102C silent mutation genotype has been previously found to be associated with a reduction in 5-HTR2A receptors in the central nervous system. (Jakubczyk et al., 2012) .
Another candidate gene, the serotonin transporter (5-HTT) and its variants have been reported to be correlated to aggression and related traits. The s-allele of the 5-HTTLPR was reported to be related to higher propensity to violence, and the presence of the ss-genotype explains 5% of the inter-individual variance in human aggressive behavior. Despite some inconsistency in the results, the s-allele has a significant association with increased aggression and impulsivity in various cohorts including children and adolescents (e.g. Davidge et al., 2004; Beitchman et al., 2006; Sysoeva et al., 2009) , cocainedependent individuals (Patkar et al., 2004) and patients with personality disorders (Silva et al., 2010 ). For the s-allele, odds ratio values typically range between 2 and 3 suggesting a strong contribution of this 5-HTT variant to impulsivity/aggression-related traits (Pavlov et al., 2012) .
Candidate genes from the dopamine (DA) system include the DRD2 receptor. The DRD2 Ins-141Del polymorphism may influence striatal DA release by affecting the availability of both types of DRD2 autoreceptors. The -141Del polymorphism exhibits relatively reduced in vitro gene expression (Arinami et al., 1997; VanNess et al., 2005) . This result is paralleled by increased ventral striatum reactivity in -141Del allele carriers (Forbes et al., 2009) .
Another gene of interest is the dopamine transporter DAT1. The SLC6A3 (DAT1) gene comprises 15 exons spanning 60 kb on chromosome 5q15.32. The 3′ untranslated region (UTR) DAT1 polymorphism is a 40 bp VNTR with repeat copy numbers between 3 and 13 times, with the 9 and 10 repeat allele being the most frequently found in the population (Haile et al., 2009) . This variant affects gene expression which results in lower DAT1 levels with the nine repeat allele and higher dopamine concentrations in the synaptic cleft (VanNess et al., 2005) . According to another previous study, the DAT1 10/10 and 10/9 genotypes are present in violently delinquent young adults twice as often as in controls (Guo et al., 2007) .
We hypothesized that there would be an association between criminal and alcohol-related aggression phenotypes with variants of serotonin and dopamine candidate genes in two samples of alcoholdependent individuals vs. controls. Both samples were recruited among treatment-seeking alcohol-dependent individuals in addiction treatment units. The initial sample and control subjects are from Munich, Germany. The confirmation sample and controls are from Szczecin, Poland.
Regarding specific associations, we expect 5-HT2A 102C-and the DAT1-9 alleles to be associated with less violent criminality and less alcohol-related violence while DRD2-141del-and 5-HTTLPR s-alleles are suggested to increase the risk for violent behaviors, criminality and alcohol-related aggression.
MATERIALS AND METHODS

Sample
Patient sample enrollment and methods have been described in detail elsewhere (Soyka et al., 2015) : the Munich gene bank was initiated in 1998; methods, including patient characterization, were derived from the US Collaborative Study on Genetics of Alcoholism project (Reich et al., 1998; Hesselbrock et al., 2001) . Subjects of the initial sample were recruited from two addiction treatment ward for alcoholdependent patients in Munich, Germany.
The replication sample was enrolled from the addiction treatment units of the Department of Psychiatry, Pomeranian Medical University, Szczecin, Poland, and Stanomino Hospital, Poland.
All patients were 18 years or older and met both International Classification of Diseases (Tenth Revision), and Diagnostic and Statistical Manual of Mental Disorders (Fourth Edition DSM-IV) criteria for alcohol dependence; criteria were assessed in a structured interview (Structured Clinical Interview for DSM-IV, German version; Wittchen et al., 1996) . Additional characteristics of alcohol dependence and criminal behaviors were obtained with the Semi-Structured Assessment for the Genetics of Alcoholism (SSAGA; Bucholz et al., 1994; Hesselbrock et al., 1999; Samochowiec et al., 2006) in both Polish and German patients. A comprehensive psychiatric examination was performed by at least one of the authors (U.W.P., G.K. or M.S., J.S.). All patients were examined 2 weeks after admission, free of any withdrawal symptoms or psychopharmacological treatment.
Alcohol-related violence was defined by using several SSAGA items in both samples, including alcohol use-related conflicts, throwing objects, physical aggression against family members or other persons and physical fights.
Delinquency in both samples was sub-grouped into violent and nonviolent crimes. Non-violent crimes included all criminal behavior not involving physical aggression, like theft and fraud, whereas violent crimes included crimes such as physical attacks, homicide, robbery and rape, whether attempted or conducted. In addition, single violence-associated questions from the SSAGA interview were examined with respect to candidate gene variants (for questions, see Table 5 ).
Patients with current polysubstance abuse (except nicotine and marihuana) were excluded from the initial and the replication sample.
Control persons were recruited from the general population by advertisements placed at different locations (e.g. libraries, road construction sites, department stores) from unskilled workers to university graduates.
All control persons underwent a comprehensive medical and psychiatric assessment, including the SSAGA, together with routine laboratory screening to exclude severe physical or psychiatric Axis I or Axis II disorders such as schizophrenia, depression, personality disorders and substance use disorders, including alcohol dependence. All persons with any first-degree relative with a history of an Axis I disorder (including alcohol dependence) were excluded.
To avoid possible ethnic stratification bias, all patients and controls were Caucasian (for details, see Zill et al., 2004) .
Sample size estimation
The sample size/power estimation is based on a recent meta-analysis of Ficks and Waldman (2014) . In their publication, 18 studies were included which investigated the relationship between 5-HTTLPR and aggression. An effect size of this polymorphism on aggressive traits was proposed (OR 1.53) which results in a Cohen's w of 0.23 which was computed according to the approximate formula (ln OR/ 1.81) proposed by Chinn (2000) , and sample size (n) was estimated using G-Power' software (http://www.psycho.uni-duesseldorf.de/ abteilungen/aap/gpower3/) (see Table 1 ; Power: 0.8, P: 0.05).
Molecular biology
Genomic DNA was extracted from whole blood according to standard methods.
The SNP rs6313 (T102C) in the 5-HT2A receptor gene was genotyped applying the TaqMan ® technology (TaqMan ® SNP Genotyping Assays) on an ABI7000 system (Applied Biosystems, Foster City, CA, USA) with the following assay-ID: C_3042197_10. The standard polymerase chain reaction (PCR) was carried out using TaqMan ® Genotyping Master Mix reagent kit in a 10 μl volume according to the manufacturer's instructions. The 5-HTTLPR polymorphism was determined in its tri-allelic form, in which the A/G SNP rs25531 leads to further differentiation of the L-allele into L A and L G (Hu et al., 2005) . The different alleles were genotyped by PCR and subsequent restriction fragment length polymorphisms (RFLP) analysis using the following primers: Forward primer: 5-CTC CCT GTA CCC CTC CTA GG-3′, reverse primer: 5′-TGC AAG GAG AAT GCT GGA G-3′. PCR was performed with 50 ng DNA in a total volume of 15 µl containing 1.5 µl PCR buffer, 0.6 µM each primer, 3 µl Q-solution (Qiagen, Hilden, Germany) and 0.15 µl (0.75 units) Taq polymerase (Qiagen, Hilden, Germany). After denaturation at 95°C for 15 min, 35 cycles of PCR were performed with the following conditions: 94°C for 30 s, 60°C for 30 s, 72°C for 30 s and a final extension at 72°C for 7 min. 15 µl PCR product was digested with 1 µl MspI (Fermentas, St. Leon-Rot, Germany) and 2 µl Puffer Y-Tango in a total volume of 20 µl at 37°C overnight. The samples were run on 3% agarose gel and visualized by ethidium bromide staining. For the L A -allele bands of 245 and 38 kb, and for the L G -allele bands of 162, 83 and 38 kb were obtained, whereas the S-allele was visible by an uncut band of 211 bp.
PCR was used to amplify the 40-bp VNTR located in the 3′ UTR of the dopamine transporter gene as described elsewhere (Sano et al., 1993) . PCR products were subjected to electrophoresis in 2.5% agarose gels containing ethidium bromide. The numeric designation of each allele refers to the number of repeats it contains.
The genotyping methods for the SNP rs1799732 (141C Ins/Del) were taken from Breen et al. (1999) .
All laboratory procedures were carried out blind to case control status.
Ethical standards
Regarding the case-control sample, a signed written informed consent was obtained from patients and controls after complete and extensive description of the study. The Ethics Committees of the two university hospitals (Universities of Szczecin and Munich) approved the study.
Statistical analysis
All continuous data were tested for normal distribution with Kolmogorov-Smirnov non-parametric tests. As recently recommended (Wigginton et al., 2005) , the Hardy-Weinberg equilibrium was verified by the exact test (Guo and Thompson, 1992) . Sociodemographic data were compared between groups using χ 2 or one-way analysis of variance statistics. An alpha error (P value) of <0.05 (two-tailed) was considered to be statistically significant. For genetic analyses, the reported P values of the genotypes refer to the trend test for 2 × 2 contingency tables. Data are presented as percentage of the sample or subsample investigated (e.g. with vs. without aggression or suicide attempts; patients vs. controls) or as mean ± standard deviation for continuous variables. Genotype frequencies across alcohol-dependent patients and controls and case-control haplotype analyses were estimated with 'SNPA-LYZE' software (version 7.03, Dynacom Inc., Japan) and the HWE-webpage (http://ihg.gsf.de/cgi-bin/hw/hwa1.pl). Corrections for multiple testing were applied when needed (Bonferroni correction).
RESULTS
Sample
The total sample included 293 alcohol-dependent patients and 499 controls. Based on SSAGA items, patients were subdivided into three groups: those with a history of violent crimes (n = 22), those with a history of non-violent crimes (n = 32) and those with no history of delinquency (n = 239). Of the 190 replication sample individuals, 37 reported no crime, 24 non-violent and 129 violent crimes. Further details are presented in Table 2 .
Subjects reporting a criminal history were significantly more often male, younger at genotyping and onset of alcoholism, and had a higher rate of delirium tremens or withdrawal seizures in their history than alcohol-dependent patients with no criminal history. In addition, subjects with a delinquency history had more often a previous suicide attempts than non-delinquent alcohol-dependent patients (P < 0.001).
Genotyping
Hardy-Weinberg equilibrium, linkage disequilibrium and genotype frequencies The genotype frequencies for the 5-HT2A, 5-HTTLPR, DAT1 VNTR and DRD2 Ins-141Del variants did not significantly deviate from Combined sample has the power to detect effects with ES > 0.15; detection and replication sample have the power to detect ES > 0.18 (P < 0.05, 1 − β: 0.8, df: 1). An odds-ratio of 1.53 results in an Effect size of 0.234 (Chinn, 2000) following the meta-analysis of Ficks and Waldman, 2014 (5HTTLPR × aggressive behavior).
Cohen's d: small effect: 0.1-0.2; moderate effect: 0.3-0.5; large effect: 0.5-0.8 (Cohen, 1992) .
those predicted by the HWE in either the alcohol-dependent patients or controls, as presented in Tables 3 and 4 .
Associations between criminal behaviors and candidate gene variants As also presented in Tables 3-5 , no association between any of the genetic variants and delinquency was detected in both the initial and the replication sample. DAT1 VNTR 9 allele had a statistically significant association with non-violent crimes and with violent crimes as a statistical trend in the initial sample. However, the results could not be confirmed in the replication sample and are considered negative.
Associations between alcohol-related aggressive behaviors and candidate gene variants Single items addressed in the SSAGA (see Table 5 ) were addressed separately, again with no association for the combined sample found for the 5-HT2A, DRD2 and DAT1 variants. 5-HTTLPR was associated with the item 'throw objects' in the total sample but not in the German or Polish sample separately. A significant relationship was further detected for 'Hit family members' with 5-HTTLPR in the German (χ 2 = 11.13, df = 2, P = 0.025), but not in the Polish sample (χ 2 = 0.23, df = 2, P = 0.891). In the total sample, this item was related to the 5-HTT variant as a statistical trend (P = 0.057, see Table 5 ) while another item 'throw objects' reached statistical significance in the total sample but not in the initial or in the replication sample. All other associations between alcoholrelated violence and 5-HTTLPR did not reach statistical significance.
DISCUSSION
Criminal behavior can be considered a subtype of 'premeditated' or 'predatory' aggression (Pavlov et al., 2012) . This aggression subtype is related to lack of emotional sensitivity towards other person's rights, feelings or their property. Further, the perpetrators do not usually feel regret or remorse and their aggressive behavior appears premeditated and deliberate. Several studies have documented significant associations between the severity or the incidence of aggression and anger traits with specific polymorphic functional variants of the gene encoding for these receptors, including the SNPs T102C (Assal et al., 2004) . Type 2 serotonin receptors are suggested to enhance serotonin-mediated transmission. Previous studies indicate that the rs6313 102C allele may be related to aggression and agitation in subjects with Alzheimer's disease (Assal et al., 2004; Lam et al., 2004) . However, as with our study, Prichard et al. (2008) failed to detect a significant relationship between this SNP and various agitated and aggressive behaviors in Alzheimer disease. Further, no association was detected between this polymorphism and suicidal behavior, in suicidal schizophrenic individuals (Ertugrul et al., 2004) and adolescent or alcohol-dependent suicide attempters (Zalsman et al., 2005) . Other studies support a role of this polymorphism in impulsive behaviors, which is an overlapping aggression-related phenotype (Jakubczyk et al., 2012) . While the first set of negative studies used more general phenotypes and investigated smaller samples sizes, the second set indicates a role of this polymorphism in impulsivity which usually predates aggressive behaviors and therefore may have an indirect effect on alcohol-related and non-alcohol-related aggressive and criminal behaviors.
The association between 5-HTTLPR and aggressive behaviors in humans is well studied. Previous studies indicated that the s-allele was related to a higher propensity towards aggressive behaviors (Patkar et al., 2004; Beitchman et al., 2006; Sysoeva et al., 2009; Silva 6.25* AD, alcohol dependence; DT, delirium tremens; WS, physical withdrawal syndrome; SD, standard deviation of mean. *P < 0.05. **P < 0.01. ***P < 0.001. No crimes F = 0.02, P = 0.67 Non-violent crimes F = 0.16, P = 0.44 Violent crimes F = −0.003, P = 0.94
No crimes vs. controls χ 2 = 0.06 P = 0.81426
Non-violent crimes vs. controls χ 2 = 0.22 P = 0.64242 Violent crimes vs. controls χ 2 = 0.83 P = 0.36303 Pavlov et al., 2012) . Again, many of these studies included small sample sizes, so that the influence of this variant on aggressive behaviors in not fully clarified. Our results support in part a role of the s-allele in alcohol-related violence but this association was found in the detection, not the replication, sample. Another characteristic ('throw objects') reached significance in the total sample but not in the initial or the replication sample separately and may be due to insufficient sample size in the German and Polish groups compared with the total sample. Thus, as also discussed in the limitations of the study, with limited sample size and the multiple statistical tests employed, the effect of the genetic variant on alcohol-related aggression is, at best, weak. Numerous methodological issues may also explain the discrepancies, such as lack of statistical power, differences in the diagnostic criteria and inclusion of patients with different psychiatric diagnoses, healthy control subjects and different severity of aggressive and related behaviors (ranging from impulsivity, anger, aggressive cognition to overt aggressive and criminal behavior) (Bortolato et al., 2013) .
An alternative explanation for the numerous discrepancies in these association studies may lie in the possibility that multiple biological and environmental factors may moderate the relation between 5-HTTLPR and suicide or aggression. For example, Cadoret et al. (2003) suggested that, in contrast with males, female carriers of short variants display lower levels of conduct disorder and aggressiveness. On the other hand, the LL genotype was also significantly associated with suicide attempts in women, but not in men (Gaysina et al., 2006) .
Ethnic and/or socio-cultural components may also differentially influence the association of 5-HTTLPR polymorphic variations and aggression. For example, no significant correlation was identified in groups of African-Americans (Patkar et al., 2004) or Spanish suicide attempters (Baca-Garcia et al., 2004) , and only a marginal association between the s variant and aggressiveness was found in Korean schizophrenia patients (Kim et al., 2009) .
The statistically significant findings in our study were an association between 5-HTTLPR and alcohol-related violence ('hit family members under the influence of alcohol' in the German but not Polish patients) and 'throw objects' in the total sample. Regarding this alcohol-related aggression, chronic alcohol intake is reported to induce neuroadaptive and neurotoxic changes including a reduction in density of raphe-5HTT. 5-HTTLPR S-allele carriers have been associated with decreased transporter function and expression in humans (Heinz et al., 2011) . Subsequent studies observed that the 5-HTTLPR variant may mediate the effect of early life maltreatment on the development of aggressive and antisocial behaviors. Another significant factor may be low serotonin neurotransmission, reflected by low levels of the metabolite 5-HIAA. Low CSF 5-HIAA levels and a high availability of brainstem 5-HTTs (arising from genetic factors or early social stress experiences, Heinz et al., 2000) may predispose to both impulsive aggression and a low intoxicating effect of acute alcohol ingestion, which in turn facilitates excessive alcohol intake (Hinckers et al., 2006) . Taken together, while several mechanisms are proposed to explain the role of 5-HTTLPR in alcohol-related aggressive behaviors, the results of our study (one sample positive, confirmation sample negative) are ambiguous.
In vulnerable individuals, certain neurobiological effects of chronic alcohol intake may interact with exactly those neurotransmitter systems that are already implicated in the disposition to alcohol-associated violence. One example is the effect of chronic alcohol intake on dopaminergic neurotransmission, which seems to increase impulsive behavior (Moeller et al., 2001 ).
In our study, both dopamine candidate gene variants, DRD2 ins-141del and DAT1 VNTR, were not associated with violent crimes or alcohol-related aggression. The DRD2 -141Del variant may lead to lower expression of DRD2 receptors, as reported by previous studies (e.g. Arinami et al., 1997) . Chronic alcohol intake may further reduce striatal dopamine D2 receptor availability and sensitivity in animals and humans (Heinz et al., 2011) . Such reductions can interfere with dopaminergic modulation of ventral striatal activation during reward expectation. Indeed, an FMRI study reported increased impulsivity and reduced ventral striatal activation during reward anticipation in patients with alcohol dependence vs. controls (Beck et al., 2009) . As with the lack of association between 5-HT2A variants, putatively functional DRD2 polymorphisms may moderate aggressive behaviors indirectly via their effect on impulsive behaviors (Gorwood et al., 2012) .
In comparison, few studies investigated the role of DAT1 VNTR polymorphism in the genetic underpinnings of violent, criminal and alcohol-related aggression. The DAT1, located pre-synaptically in the synaptic cleft, may influence dopamine concentrations in the striatum (Pavlov et al., 2012) but a study on DAT1 VNTR variant and impulsive and auto-aggressive behaviors in subjects with a borderline personality disorder did not yield a significant relationship (Nemoda et al., 2010) . Previous studies also indicated that adolescent carriers of the DAT1 10/10 were overrepresented in these individuals with pathological aggression (Guo et al., 2007) and DAT1 is one of the main genetic markers of antisocial behavior in adolescent criminals (Vaughn et al., 2009) . Our study investigated adult and alcohol-dependent individuals. We found alcohol-related violence not to be significantly associated with the DAT1 VNTR, neither did another recent study in East-African pastoralists (Butovskaya et al., 2013) .
Taken together, aggressive and criminal traits are suggested from a biological and complex genetic background which certainly interacts with the environment and may be triggered by alcohol intoxication. However, the association with specific genetic factors and variants is difficult to detect and may vary across samples due to their specific characteristics. These characteristics may include comorbidity with mental disorders, ethnic factors and also sample size. These factors may, in part, explain the heterogeneity of findings on aggressive and criminal traits and their relationships with candidate gene variants across reported studies.
There are a number of limitations to the study. First, the characteristics of alcohol dependence, alcohol-related aggression and criminal behavior were obtained retrospectively with the aid of interviews and are subject to recall biases of study participants. Moreover, the characteristics of the two samples were quite heterogeneous and may be enhanced by the differences in admission procedures across study sites. In the German sample, subjects were admitted through an outpatient motivational group while the Polish individuals were admitted for emergency detoxification. These different procedures may preselect different subsets of patients with varying patterns of violent and criminal behavior in both samples. Otherwise, when an effect of a genetic variant on behavior is observed in both samples, this result may be spurious. Another limiting factor is the sample size. The number of subjects in both samples is not sufficient to detect much beyond a large effect. The sample diminishes more, when alcohol-induced aggression is investigated, since only alcohol-dependent individuals exhibit this behavior. Further, several statistical comparisons were employed in this exploratory study which may facilitate false-positive results due to multiple testing. Since the effect of 5-HTTLPR on alcohol-related aggression is weak, it may be sensitive for a spurious association.
Genome-wide association studies (GWAS), which include 5 to 10 times larger samples than the current one, are the methods of choice to study these patients. However, since thorough clinical investigations and interviews are needed to obtain relevant information on the phenotype, we know of only one study. Anger-related traits which overlap with aggressive behaviors were investigated in a community sample of more than 8.000 subjects (Mick et al., 2014) . A nominally significant association with the non-receptor protein-tyrosin-kinase Fyn on chromosome 6q21 war found.
For all these reasons, different approaches may be needed to study the genetic underpinnings of alcohol-induced violent behaviors and criminality.
